Soluble proteins are usually ineffective immunogens when given perorally due to their breakdown by low pH in the stomach and by digestive enzymes in the gut where their uptake is generally poor. One way to overcome these problems is through the use of live attenuated Salmonella enterica serovar Typhimurium strains as foreign antigen delivery systems (10, 19) . These serovar Typhimurium strains are genetically engineered to express protein antigens from other virulent organisms against which mucosal immunity is desired. Orally administered Salmonella strains can actively invade enterocytes but preferentially enter the lymphoid inductive sites of the Peyer's patches (PP) through specialized microfold (M) cells (3, 14) . Salmonellae are capable of replicating and persisting in the PP and thus presumably serve as a source of immunogen production at these mucosal inductive sites. They often take residence in macrophages not only in the PP but also in various other organs, such as the spleen, the liver, and regional lymph nodes, and consequently may also induce systemic immune responses (19) .
Although the oral route is the traditional mode of Salmonella infection, recent evidence indicates the effectiveness of the intranasal (i.n.) route of immunization with a Salmonellabased vaccine for the induction of a mucosal immune response (11, 12) . In fact, it has been reported that the i.n. route was as effective as the intragastric (i.g.) route in inducing mucosal immunoglobulin A (IgA) and serum IgG antibody responses to a cloned heterologous immunogen, despite the use of a smaller (10-times-less) inoculum (11) . The nasal lymphoid tissue (NALT) also contains M cells (16) , and presumably, serovar Typhimurium enters these inductive sites in a way similar to the invasion of the PP. Active invasion of the inductive sites is an essential attribute of live antigen delivery systems even for i.n. immunizations, since a substantial mucosal and serum antibody response to a cloned heterologous antigen was induced when invasive serovar Typhimurium, but not noninvasive Escherichia coli, was used as the vector for i.n. immunization (G. Hajishengallis, E. Harokopakis, T. E. Greenway, and S. M. Michalek, Abstr. 97th Gen. Meet. Am. Soc. Microbiol. 1997, abstr. E-91, 1997).
The abilities of a live antigen delivery system to invade the appropriate host tissues and to persist there while continuing to produce the foreign immunogen are considered to be significant advantages for vaccine development. However, unreg-ulated hyperexpression of the foreign protein is usually toxic for the bacterial vector and may result in deletion of the cloned gene or loss of the plasmid from the vector. Although inducible promoters, such as trp and lac, can be used in vitro to control the expression of cloned antigens in recombinant bacteria, the requirement of exogenous inducers (e.g., isopropylthiogalactoside for the lac promoter) renders these approaches prohibitive for in vivo immunization. For the development of Salmonella-based vaccines, Chatfield and coworkers have utilized an in vivo inducible promoter, the nirB promoter (4), which is activated in anaerobic environments and inside eukaryotic cells including the macrophages (6). The nirB promoter was shown to direct stable expression of fragment C of tetanus toxin, which induced protective serum IgG antibodies against tetanus toxin challenge in orally vaccinated mice (4).
Our group has been interested in developing a mucosal vaccine against Streptococcus mutans-induced dental caries (9) . One approach involves the delivery of the vaccine by an attenuated serovar Typhimurium vector. A 42-kDa saliva-binding region (SBR) from S. mutans surface antigen I/II is considered to be a reasonable target for immunological intervention against caries, since this protein segment appears to mediate the initial adherence of S. mutans to the saliva-coated tooth surfaces (5, 8) . A previously constructed serovar Typhimurium clone expressing SBR, or SBR linked to the A2/B subunits of the mucosal adjuvant cholera toxin (CT), under the control of the bacteriophage T7 promoter, induced salivary IgA antibodies to SBR (11) . However, repeated mucosal administrations and a booster immunization were required for the induction of substantial IgA antibody levels.
The objective of this paper was to place the expression of SBR and SBR-CTA2/B under the control of the nirB promoter in attenuated serovar Typhimurium and to characterize the heterologous immunogen expression and vector colonization in mucosal inductive sites following i.g. or i.n. immunization of mice. We hypothesized that the replacement of the T7 promoter by the nirB promoter in these SBR-and SBR-CTA2/Bexpressing serovar Typhimurium delivery systems would prolong the viability of the clones.
MATERIALS AND METHODS

Genetic construction.
A previously constructed plasmid, pSBR-CT ⌬A1 (7), was used as the template for PCR amplification of the gene segments encoding SBR or SBR-CTA2/B (Fig. 1 ). Primers were selected with the help of the Oligo 4.03 primer analysis program (National Biosciences Inc., Plymouth, Minn.). For the amplification of both SBR and SBR-CTA2/B gene segments, the upper primers containing an ApaI restriction site was originally designed to start immediately upstream of the Shine-Dalgarno (SD) sequence in the vector containing SBR-CTA2/B. It was later redesigned to be further upstream from the translation start site (5Ј position 3318, 5Ј-TAACGGGCCCAGATCTCGATCCCGCGAAA) in order to avoid mRNA secondary structure problems and to provide optimal expression of the SBR cloned antigen. The lower primers for PCR amplification were designed to contain the NheI restriction site. Lower primer 1 (3Ј position 4656, 5Ј-GCATAGCTAGCACCAAAATTCCCATAAA) and lower primer 2 (3Ј position 5364, 5Ј-GCCATAGCTAGCATAATACGCACTAA) were used to amplify the gene segments encoding SBR and SBR-CTA2/B, respectively. The gene segment, respectively, for 1 min; and (iii) primer extension, 72°C for 3 min. The resulting PCR products (1.4 and 2.1 kb, corresponding to SBR and SBR-CTA2/B, respectively) were ligated with pGEM-T (Promega, Madison, Wis.) and transformed into E. coli JM109. Transformed colonies were selected by bluewhite screening on Luria-Bertani (LB) agar plates (1% tryptone, 0.5% yeast extract, 1% NaCl, 1.8% agar) containing isopropylthio-␤-D-galactoside (IPTG), 5-bromo-4-chloro-3-indolyl-␤-D-galactoside, and 50 g of carbenicillin per ml. White colonies were used for plasmid preparations by means of the Wizard Miniprep DNA purification system (Promega), and the existence of appropriate inserts was verified by ApaI and NheI digestions followed by gel electrophoresis. The inserts generated by restriction enzyme digestion with ApaI and NheI were purified by using the QIAEX gel extraction kit (Qiagen, Chatsworth, Calif.). The cloning vector pTETnir15 (kindly provided by S. Chatfield, Medeva Vaccine Research Group, London, United Kingdom), which contained ApaI and NheI restriction sites at the 5Ј and 3Ј ends of the DNA sequence encoding the fragment C of tetanus toxin, respectively, was restriction digested at these sites using appropriate enzymes. The isolated inserts encoding SBR or SBR-CTA2/B were ligated with the linearized pTETnir15 vector (after removal of the sequence encoding fragment C) via the ApaI and NheI restriction sites. Upon purification, the resulting pSBRnirB and pSBR-CTA2/BnirB plasmids were introduced into serovar Typhimurium BRD509, an aroA aroD mutant attenuated vaccine strain (23) , by means of electroporation. The resulting Salmonella clones were confirmed by plasmid analysis, which demonstrated the presence of plasmids having the anticipated size and by Western blotting of protein extracts using antibodies to SBR and CTB.
Generation of rabbit IgG anti-SBR antibodies. To quantify the expression of SBR by the recombinant serovar Typhimurium clones using a sandwich enzymelinked immunosorbent assay (ELISA), rabbit IgG antibody specific for SBR was generated. Recombinant SBR, which contains a six-His-residue tag (derived from the vector) at its C terminus, was inducibly expressed with IPTG and purified from cell lysates of E. coli BL21(DE3)(pSBR) (11) . SBR was purified from the cell lysates by a nickel-charged affinity chromatography column (Novagen, Madison, Wis.) according to the manufacturer's instructions and eluted with imidazole. The quality of the purification was verified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a 12.5% polyacrylamide gel. The amount of purified SBR was quantified by the bicinchoninic acid protein determination assay (Pierce, Rockford, Ill.), using bovine serum albumin as the standard. Purified SBR was then used to hyperimmunize rabbits in order to obtain IgG antibody against SBR. All animal work was performed according to the National Institutes of Health guidelines, and protocols were approved by the University of Alabama at Birmingham Institutional Animal Care and Use Committee. On day 0, 100 g of protein emulsified in complete Freund's adjuvant was given subcutaneously, and on days 14, 28, and 42, the same amount of SBR was given with incomplete Freund's adjuvant. On day 56, blood was collected via cardiac puncture, and serum was collected after centrifugation. This immunization regimen resulted in a high titer of serum IgG antibodies against SBR. The IgG fraction of this antiserum was purified by anion-exchange chromatography on a Mono Q column (Pharmacia-LKB, Piscataway, N.J.) in 0.01 M Tris-HCl (pH 7.65) with a gradient of 0 to 1 M NaCl. A portion of the IgG was subsequently conjugated to horseradish peroxidase (HRP) (1) .
Optimization of the expression of SBR in the recombinant serovar Typhimurium clones. Production of the SBR-CTA2/B chimeric protein by serovar Typhimurium BRD509(pSBR-CTA2/Bnir) under in vitro anaerobic conditions was determined by assaying whole-cell lysates on plates coated with G M1 ganglioside and developed with antibodies to SBR or CT. With the initial construct (in which the ApaI site was within 87 bp of the SD sequence), CTB was expressed at high levels (approximately 21.1 g/10 10 cells), whereas expression of SBR-CTA2 was hardly detectable. The genes encoding SBR-CTA2 and CTB are transcribed as one mRNA message but are translated as separated peptides via different translation initiation signals (18) . Therefore, the difference in the expression of the two components of the fusion protein was believed to be caused by mRNA secondary structure formed by base-paired hairpin structure mediated by the ApaI site (5Ј-GGGCCC) and the SD sequence (5Ј-AGGAG). This probably rendered the SD sequence inaccessible to ribosome binding and thus inhibited efficient translation. In order to address this possibility, a new upper primer was designed which corresponded to sequences further upstream from the ribosomal binding site. This resulted in placing the ApaI site at a substantial distance from the SD sequence, which presumably reduced the formation of mRNA secondary structure. Consistent with this was the finding that the expression of SBR-CTA2 was increased by about 10-fold.
Estimation of recombinant protein production. In order to quantify the production of cloned antigens in the constructed strains, cultures were grown in 50 ml of LB broth (1% tryptone, 0.5% yeast extract, 1% NaCl) containing 50 g of carbenicillin per ml under anaerobic (in sealed tubes) or aerobic conditions at 30 or 37°C. The cultures were then harvested by centrifugation. The cell pellets were resuspended in 2 ml of TTE buffer (0.05 M Tris-HCl [pH 8.0], 0.1% Triton X-100, 2 mM EDTA) and placed at Ϫ70°C for 24 h. On the following day, the cells were thawed and sonicated twice on ice to obtain whole-cell lysates. Soluble protein extracts were obtained by centrifugation and assayed for the amount of SBR-CTA2/B or SBR by ELISA on Maxisorp microtiter plates (Nagle Nunc International, Roskilde, Denmark) coated with G M1 ganglioside (Sigma Chemical Company, St. Louis, Mo.) or rabbit IgG to SBR, respectively. In both cases, rabbit IgG anti-SBR conjugated to HRP served as the developing antibody. Known concentrations of purified SBR and SBR-CTA2/B were used as reference standards. Data are expressed as micrograms of respective proteins per 10 10 cells. Western blot analysis. For Western blot analysis of the expression of SBR or SBR-CTA2/B by serovar Typhimurium clones, anaerobic and aerobic cultures were grown and processed as described above. Care was taken to load an equivalent amount of soluble extracts on the sodium dodecyl sulfate-polyacrylamide gel. Specifically, 12 l of extracts (corresponding to 5.4 ϫ 10 7 cells) from each culture was loaded onto the gel. Following blotting on a nitrocellulose membrane, rabbit IgG anti-SBR antibody followed by goat anti-rabbit IgG antibody was used to detect the presence of SBR or SBR-CTA2/B (from the SBR-CTA2/B clone). A serovar Typhimurium clone, BRD509/pTETnir15, which carried an unrelated antigen (fragment C of tetanus toxin) was similarly processed and used as a negative control.
Intestinal colonization of serovar Typhimurium following i.g. administration. To evaluate the ability of the resulting serovar Typhimurium strains BRD509 (pSBR-CTA2/BnirB) and BRD509(pSBRnirB) to colonize gut-associated lymphoid tissues, 10 10 CFU was administered by the i.g. route to 16-to 20-week-old female BALB/c mice. Two groups of mice given the serovar Typhimurium clone BRD509(pGP1-2)(pSBR) or BRD509(pGP1-2/pSBR-CTA2/B) (11) by the i.g. route were used as controls. These clones have been shown to lose most of their viability after transfer to 37°C and overnight incubation. All Salmonella clones were suspended in a medium consisting of 4 parts Hanks' balanced salt solution (Difco Laboratories, Detroit, Mich.) and 1 part sodium bicarbonate (7.5% solution) in order to neutralize the gastric acid in the stomach. Two mice were sacrificed from each group on days 1, 2, 5, 10, and 21 in order to determine the level of colonization. The spleen and PP were removed from mice and washed with phosphate-buffered saline (PBS). The organs were placed in plastic bags with 2 ml of PBS and homogenized with a stomacher (Seward Laboratory, UAC House, Blackfriars, London, United Kingdom). The cell suspensions were then plated on LB medium containing 50 g of carbenicillin per ml or on bismuth sulfite (BS) (Difco) plates (which allow the selective growth of Salmonella organisms regardless of plasmid content). The number of CFU was recorded following 24 h (LB plates) or 48 h (BS plates) of incubation at 37°C. Randomly selected colonies recovered from the PP and spleens were subcultured to confirm SBR or SBR-CTA2/B expression by the Salmonella clones after in vivo passage using Western blot analysis and rabbit IgG anti-SBR antibody.
Nasal colonization of serovar Typhimurium after i.n. administration. The course of nasal colonization by the Salmonella clones was determined following i.n. administration of 10 9 CFU to 16-to 20-week-old BALB/c mice via the i.n. route. The bacteria were suspended in 20 l of PBS, and 10 l was applied to each nostril. On days 1, 2, 5, 10, and 21 after the inoculation, blood samples were collected from the subclavian veins of three mice from each group while the mice were under general anesthesia (2 mg of ketamine plus 0.2 mg of xylazine in 0.2 ml, intraperitoneally). NALT, superficial lymph nodes, internal jugular lymph nodes, PP, and spleens were excised from the sacrificed animals and placed in 1 or 2 ml of PBS. The pooled tissues were homogenized with a stomacher (PP and spleens) or by careful teasing with sterile needles (NALT and regional lymph nodes). One hundred microliters of undiluted or 1:10-diluted tissue suspensions was plated on LB plates supplemented with 50 g of carbenicillin per ml and on BS plates. The number of CFU was counted after 24 or 48 h of incubation at 37°C. Blood samples were also plated to monitor possible bacteremia. Unimmunized mice were used as controls.
RESULTS
Expression of recombinant proteins. The gene sequences encoding the S. mutans adhesin SBR or the chimeric SBR-CTA2/B were PCR amplified and placed into vector plasmid pTETnir15 from which the sequence encoding fragment C was removed. The restriction maps of the plasmids purified from the resulting clones indicated a 2.3-kb pTETnir15 vector and a 1.4-kb fragment representing SBR or a 2.1-kb fragment encoding the SBR-CTA2/B fragment as predicted. The expression of SBR by the serovar Typhimurium BRD509(pSBRnirB) clone was enhanced under anaerobic growth conditions at 30°C (11.3 g/10 10 cells, in comparison to 1.15 g/10 10 cells under aerobic conditions) (Table 1) ; at 37°C, a similar 10-fold difference in SBR production was observed between the anaerobic and aerobic growth conditions. The highest production of SBR was seen in cultures grown at 37°C under anaerobic conditions. The greatest production of chimeric SBR-CTA2/B by the serovar Typhimurium BRD509(pSBR-CTA2/BnirB) clone was seen in cultures grown at 30°C under anaerobic conditions (Table 1) . Furthermore, the production of SBR-CTA2/B was similar whether grown with or without antibiotic selection.
Results obtained from Western blots probed with rabbit IgG antibody against recombinant SBR also indicated that the production of SBR or SBR-CTA2/B was efficiently induced under anaerobic but not aerobic growth conditions (Fig. 2) . When assessed by ELISA, a very low level of expression was observed by the clones when cultured under aerobic growth conditions ( Table 1) . As expected, no expression of SBR was seen under any conditions with the control strain carrying pTETnir15.
Intestinal colonization of serovar Typhimurium following i.g. administration. The Salmonella clones were found to persist in the PP and spleen for at least 3 weeks after their oral administration to mice. Comparable degrees of colonization were observed in PP for both serovar Typhimurium BRD509(pSBR-CTA2/BnirB) and BRD509(pSBRnirB) clones which peaked at day 10 ( Fig. 3A) . In the spleens, the colonization of the serovar Typhimurium BRD509(pSBR-CTA2/ BnirB) clone peaked at day 5 with 348 colonies recovered from the organs removed from the animals (Fig. 3B) . However, the colonization of the serovar Typhimurium BRD509(pSBRnirB) clone did not peak until day 10 (450 CFU). Western blotting verified that SBR was expressed by both clones isolated either from PP or from spleens for at least 21 days (Fig. 4A) . The Salmonella clones expressing SBR or the chimeric SBR-CTA2/B under the control of the T7 temperature-sensitive promoter produce an enormous amount of recombinant protein in vitro when transferred from 30 to 37°C, but at the expense of cell viability (11) . These clones lose most of their viability after transfer to 37°C and overnight incubation. As expected from the in vitro observations, the serovar Typhimurium BRD509(pGP1-2/pSBR-CT ⌬A1 ) and BRD509(pGP1-2/pSBR) clones were not recovered from either tissue at any time point tested.
Nasal colonization of serovar Typhimurium after i.n. administration. The results obtained from the i.n. colonization study indicate that the Salmonella clones readily colonized the NALT as early as 1 day after the infection; meanwhile, the clones also appeared to persist in the associated draining lymph nodes for at least 21 days. The clone carrying plasmid pSBR-CTA2/BnirB peaked (1,360 colonies from a pooled tissue suspension from three mice) on day 5, while serovar Typhimurium BRD509(pSBRnirB) peaked (1,400 colonies) on day 10 (Fig. 5A) . The colony counts for both clones decreased by day 21 in the NALT to a level below that seen on day 1 (110 and 45 for serovar Typhimurium BRD509(pSBR-CTA2/ BnirB) and serovar Typhimurium BRD509(pSBRnirB) clones, respectively). The colony counts from the superficial lymph nodes reached the highest levels on day 10 for both clones (575 and 1,570 for serovar Typhimurium BRD509(pSBR-CTA2/ BnirB) and serovar Typhimurium BRD509(pSBRnirB) clones, respectively) (Fig. 5B) . By day 21, the number of CFU recovered from the superficial lymph nodes had begun to decrease for both clones. The number of Salmonella bacteria recovered from the internal jugular lymph nodes followed a similar pattern, with the peak number occurring on day 10 for both clones [1,785 and 1,890 for serovar Typhimurium BRD509(pSBR-CTA2/BnirB) and serovar Typhimurium BRD509(pSBRnirB) clones, respectively] (Fig. 5C) .
The results from PP indicate a persistent colonization at this site by the serovar Typhimurium BRD509(pSBR-CTA2/ BnirB) clone which started on day 5 (50 colonies) and persisted to at least day 21 (70 colonies) (Fig. 6A) . The colony count for the serovar Typhimurium BRD509(pSBRnirB) clone in PP peaked on day 10 (640 colonies) and dramatically dropped to undetectable levels by day 21. In the spleen, the two clones appeared to follow the same colonization pattern, as they both peaked on day 10 (140 and 920 for serovar Typhimu rium BRD509(pSBR-CTA2/BnirB) and serovar Typhimurium BRD509(pSBRnirB) clones, respectively) (Fig. 6B ). Blood samples collected from the animals were plated, and no bacterial colonies were ever detected. The colony counts from the BS plates were either lower than or similar to their respective counts on the LB selective plates, indicating stability of the cloned plasmids throughout the study. Western blotting of extracts from recovered colonies verified that SBR was expressed by both clones recovered from host tissues for at least 21 days (Fig. 4B) .
DISCUSSION
Stable expression of cloned antigens is an important aspect in the development of live vaccines carrying heterologous recombinant protein. Since overexpression of the cloned protein in vivo often results in rapid loss of the plasmid, one way to overcome this possibility is to use an environmentally inducible promoter for the induction of protein expression (4, 21) . One promoter that is regulated by the host's environment is the nirB promoter. It has been shown to induce the production of various immunogens in serovar Typhimurium under anaerobic conditions (4, 20, 21) or inside eukaryotic cells (6) . In vivo evidence suggests that the nirB promoter can be a highly efficient expression system for live vaccine delivery.
In the present study, we have placed genes encoding S. 1 to 3) or aerobically (lanes 4 to 6) at 37°C. Lanes 1 and 4, extracts from a clone carrying the unrelated pTETnir15 plasmid; lanes 2 and 5, pSBR-CTA2/BnirB clone; lanes 3 and 6, pSBRnirB clone (molecular masses in kilodaltons indicated at left). The blot was probed with a rabbit IgG anti-SBR antibody directly conjugated to HRP.
mutans SBR or a chimeric protein comprising SBR linked to CTA2/B subunits (SBR-CTA2/B) under the control of the anaerobic inducible promoter nirB. The expression of these recombinant proteins was efficiently induced under anaerobic growth conditions at 30 or 37°C. However, more SBR production by the serovar Typhimurium BRD509(pSBRnirB) clone was detected at 37 than at 30°C. In contrast, the production of chimeric protein by the serovar Typhimurium BRD509(pSBR-CTA2/BnirB) clone was higher at the lower temperature. The difference in the SBR-CTA2/B production at different temperatures may be explained by the possible higher proteolytic activity at the higher temperature, which would degrade a portion of SBR and dissociate it from the chimeric molecule. Therefore, dissociated SBR fragments could not be detected by the G M1 ELISA but could still be detected in a sandwich ELISA using plates coated with IgG anti-SBR antibody. Evidence for the production of free SBR by the serovar Typhimurium BRD509(pSBR-CTA2/BnirB) clone further proves this hypothesis. While the total production of SBR (detected by sandwich ELISA) by the serovar Typhimurium BRD509 (pSBR-CTA2/BnirB) clone was similar to the production of SBR detected by G M1 ELISA (representing the SBR associated with CTA2/B) at 30°C (31.2 and 39.8 g/10 10 cells, respectively), the level of total SBR production detected was much higher than the SBR content of SBR-CTA2/B detected by G M1 ELISA at 37°C (99.3 and 26.0 g/10 10 cells, respectively).
Another important aspect of the live vaccine delivery system is the need to prolong the presence of the antigens at the local immune inductive sites in order to elicit long-lasting immune responses. The natural route of entry into the host by live Salmonella strains is through invasion of enterocytes or the M cells overlying the lymphoid tissues of PP in the gut-associated lymphoid tissues (13, 14) . Attenuated Salmonella vaccine strains are able to survive within macrophages and thereby provide a source of cloned immunogen to antigen-presenting cells. Professional antigen-presenting cells then are able to present the antigen peptide to lymphocytes to induce their differentiation and to elicit appropriate immune responses. In our Salmonella delivery system, bacteria were recovered from PP and spleens of the animals for at least 21 days after i.g. challenge, and the bacterial colonies recovered from the mice . Isolates were cultured in LB broth containing 50 g of carbenicillin per ml at 37°C. (A) Lanes 1 and 2, extracts from clones pSBR-CTA2/BnirB and pSBRnirB, respectively, recovered from PP; lanes 3 and 4, extracts from clones pSBR-CTA2/BnirB and pSBRnirB, respectively, recovered from spleens of the mice; lanes 5 and 6, extracts from clones pSBR-CTA2/BnirB and pSBRnirB, respectively, grown from freeze cultures; lane 7, extract from a clone carrying unrelated pTETnir15 plasmid. (B) Lanes 1 and 2, extracts from clones pSBR-CTA2/BnirB and pSBRnirB, respectively, recovered from the NALT; lanes 3 and 4, extracts from clones pSBR-CTA2/BnirB and pSBRnirB, respectively, recovered from superficial cervical lymph nodes; lanes 5 and 6, extracts from clones pSBR-CTA2/BnirB and pSBRnirB, respectively, recovered from PP; lanes 7 and 8, extracts from clones pSBR-CTA2/BnirB and pSBRnirB, respectively, grown from freeze cultures; lane 9, extract from the clone carrying the unrelated pTETnir15 plasmid. The blots were probed with a rabbit IgG anti-SBR antibody directly conjugated to HRP. Numbers to the left of each panel indicate molecular masses in kilodaltons.
were still capable of expressing the immunogen. Persistent antigenic stimulation in the PP is expected to result in the generation of long-lasting secretory IgA responses to SBR in the various mucosal compartments including the oral cavity where immunity against S. mutans is desired. Alternatively, a state of immunologic unresponsiveness known as oral tolerance could be generated, when soluble antigens are given orally. T-cell responses, especially T helper type 1 (Th1) responses, are more affected than B-cell responses by oral tolerance (17) . Like other intracellular bacteria, Salmonella induces a cell-mediated immune response, and the response generally elicits a cytokine profile corresponding to the Th1 response. Gamma interferon is important for the clearance of Salmonella and is the characteristic response elicited by this infection (22) . Recombinant Salmonella strains are thought to be able to abrogate the effect of oral tolerance on the immune response to the cloned protein by inducing host cellular immune response. Therefore, the persistent antigenic stimulation provided by our recombinant Salmonella system is unlikely to induce tolerance.
In our intestinal colonization study, Salmonella strains expressing SBR or SBR-CTA2/B under the control of the temperature-sensitive T7 promoter were used as controls, and no colonies were recovered from the PP or spleens following plating of samples on either LB selective or BS plates. However, these clones have been shown to induce high levels of serum IgG and secretory IgA specific immune responses against SBR after an initial and booster oral immunization (11) . It is possible that the clones carrying the T7 promoter colonize the intestine for a short time and express a high amount of the cloned antigen which is sufficient for the priming and boosting of immune responses against the foreign protein. However, the toxic effect of the overexpression of the foreign protein by these clones suppresses further growth of the bacteria, and bacteria die within 24 h. The results obtained from our intestinal colonization study indicate that recombinant Salmonella strains expressing cloned proteins under the control of the nirB promoter persist for at least 21 days following a single i.g. administration of the live vaccine. This colonization could result in a different pattern of immune response to the cloned antigen than that seen with the Salmonella strains expressing the cloned genes under the control of the T7 promoter.
Nasal passages are another important port of entry of antigen for the induction of mucosal immune responses. NALT possesses lymphoid cell accumulations and has cellular structures similar to those of PP in the intestinal lumen, such as the M cells overlying these structures. Since Salmonella is able to actively invade M cells in the intestinal tissue, it is thought that it can also effectively colonize the nasal tissue via a similar mode of invasion. A Salmonella vaccine strain can then also deliver the antigen of interest to the nasal inductive sites and provide a source of antigen stimulation. The nasal mucosa is drained by the superficial cervical lymph nodes, which then drain to the posterior cervical lymph nodes (15, 24) . When particulate antigen such as Salmonella is taken up by M cells in the NALT, secretory IgA and systemic immune responses can be evoked. Previous studies suggest that the i.n. immunization is effective in generating mucosal and systemic immune responses to cloned antigens under the control of a temperaturesensitive promoter (11) . In our study, we examined the colonization potential of our Salmonella vaccine strains in nasal tissues following i.n. administration. A recent study has shown that, after i.n. immunization, Salmonella can be recovered from the lungs, cervical lymph nodes, PP, and spleen of infected mice (2) . In our study, Salmonella was recovered from the NALT, superficial cervical lymph nodes, internal jugular lymph nodes, PP, and spleen of mice. To our knowledge, this is the first study that demonstrates the recovery of Salmonella from the NALT. Our data suggest that the bacteria colonized the NALT within 1 day after challenge with the bacteria and then disseminated through the draining lymph nodes within 5 days after the challenge. The Salmonella traveled to the PP and spleen and reached peak numbers on day 10 after challenge.
In this study, we placed the gene encoding S. mutans adhesin SBR with and without linking it to the A2/B subunits of CT under the control of an anaerobically inducible nirB promoter. We have shown that Salmonella expressing a cloned protein under the control of the nirB promoter persists for at least 21 days in lymphoid tissues following a single i.g. immunization. This result was in contrast to that seen with similar constructs under the control of the T7 promoter, where no Salmonella bacteria could be isolated after i.g. immunization. Following i.n. immunization, the Salmonella clones under the control of the nirB promoter were shown to colonize and persist for at least 21 days in nasal lymphoid tissues, as well as in PP and spleen of infected animals. Current studies are under way to determine the in vivo immunogenicity of the cloned SBR or SBR-CTA2/B in serovar Typhimurium under the control of the nirB promoter and to determine the ability of the immune response induced against SBR to inhibit the colonization of S. mutans on the tooth surface.
